Background. The effects of cocaine on the coronary circulation were examined in conscious dogs chronically instrumented to measure arterial and left ventricular pressures, coronary blood flow, and arterial and coronary sinus oxygen content.
T he recognition that cocaine causes myocardial ischemia and infarction in otherwise healthy individuals1-10 has led to an intense investigation to identify the mechanisms of cocaine's cardiovascular effects. Previous studies11-21 have identified decreases in epicardial coronary artery diameter or See p 1046 increases in coronary vascular resistance in response to acute challenges with cocaine. These findings have been interpreted to indicate that cocaine predisposes to myocardial ischemia in the face of increases in heart rate and blood pressure. However, these studies have failed to measure myocardial oxygen consumption directly or to examine the effects of cocaine on myocardial oxygen content. As such, the observed effects of cocaine on coronary vascular resistance were probably the sum of competing influences of p-adrenergically mediated increases in myocardial metabolic demand and direct a-adrenergic influences on coronary smooth muscle. However, relative contributions of adrenergic vasoconstriction versus adrenergically mediated increases in metabolic vasodilation have not been investigated. In addition, it is important to consider the influence of parasympathetic withdrawal on the coronary vascular response to cocaine on the basis of previous studies in conscious dogs in which a component of the increase in heart rate in response to cocaine is blocked by atropine. 22 Parasympathetic influences may not only contribute to the metabolic effects of cocaine but also exert direct influence on coronary vascular tone.23-26 However, this potential contribution to the coronary vascular effects of cocaine has not been examined and has probably been obscured in experiments conducted under anesthesia. In addition, the magnitude of the parasympathetic effect may be inapparent unless cholinergic blockade is administered in the presence and absence of P-blockade to control metabolic determinants. Accordingly, the purpose of the present study was to identify the autonomic influences, both sympathetic and parasympathetic, whereby cocaine exerts its acute coronary vasoconstrictor effects. A secondary goal was to distinguish the competing influences of metabolic vasodilation from direct autonomic influences on coronary vascular tone using combined and selective adrenergic and cholinergic blocking agents. A third goal was to interpret the effects of cocaine on the coronary circulation in the context of cocaine's effects on myocardial oxygen content and consumption. Finally, the effects of intravenous cocaine were compared with those of equipressor doses of norepinephrine to contrast the coronary vascular profile, because it is through norepinephrine that cocaine is thought to exert its primary coronary vascular effects. Importantly, these studies were conducted in conscious, chronically instrumented dogs in which the full autonomic influences of cocaine would be manifest. Previous studies that used anesthetized experimental models have required large doses, i.e., 5-15 mg/kg, of intravenous cocaine to elicit significant hemodynamic and coronary vasoconstrictor effects,11,14,17-20 which obscured important autonomic influences.13, 21 The use of conscious, chronically instrumented dogs allows the use of much smaller doses of cocaine, which are physiologically and pharmacologically more relevant to those used in acute human studies. 15, 16, 27, 28 Methods
Surgical Preparation and Instrumentation
Ten mongrel dogs of either sex (weight, 17-27 kg) were sedated with xylazine (10 mg/kg) and anesthetized with halothane (1-1.5 vol%). Table 1 . There were significant dose-related increases in LV systolic and end-diastolic pressures, heart rate, and mean arterial pressure. LV dP/dt did not change significantly. Left circumflex coronary blood flow and coronary vascular resistance both increased in a dose-related fashion, as did myocardial oxygen consumption. Figure 1 illustrates the phasic waveforms during acute infusion of cocaine (1 mg/kg). In the 10 dogs studied in the conscious, unrestrained state, cocaine caused a significant (27±3%,p<0.01) increase in coronary blood flow from 38±3 ml/min that peaked within the first 2 minutes. Coronary vascular resistance increased (p<0.01) promptly by 16±2% and remained significantly elevated during the 30-minute period of observation. Myocardial oxygen consumption increased by 59±5% (p<0.01), consistent with the observed 46+7% (p<O.Ol) increase in heart rate and blood pressure (47±3%,p<0.01). Of particular interest was the finding that cocaine caused a significant increase (+2.6±0.2 vol%,p<0.05) in arterial oxygen content from 15.7±0.5 vol%, which, when coupled with increases in coronary blood flow, contributed to enhanced oxygen delivery (+48±5%, p<0.01). Thus, in the fully intact state, cocaine caused dose-related increases in coronary vasoconstriction and significant increases in myocardial oxygen consumption and oxygen delivery associated with increased arterial oxygen content. 
Mechanisms of the Coronary Vasoconstrictor Effects of Cocaine
Given the marked heart rate response to cocaine in the intact state, subsequent studies to identify the mechanisms of the coronary vasoconstrictor effects were conducted with heart rate held constant by atrial pacing. Table 2 depicts the effects of cocaine (1 mg/kg) on coronary hemodynamics in the intact state and after selective and combined autonomic blockades. In the intact state, with heart rate held constant, cocaine caused a peak systemic pressor effect (+41+5%) within 1 minute after infusion with an associated 13+±3% (p<0.05) increase in left circumflex coronary blood flow from 45+4 ml/min and a 24+3% increase (p<0.01) in coronary vascular resistance from 2.4±0.1 mm Hg -ml-' min'. LV dP/dt was unchanged, whereas myocardial oxygen consumption increased by 41±9% (p<0.05) from 4.82±0.63 ml 02/min.
There was a significant increase in the arterialcoronary sinus oxygen content from 10.4±0. 5 In contrast, in the presence of cholinergic receptor blockade alone, the left circumflex coronary blood flow response to cocaine (+28±6% increase from 49±5 ml/min) was greater (p<0.01) than that observed in the intact state (+13±3%), whereas the coronary vasoconstrictor response (+12±3% from 2.5+0.2 mm Hg * ml-lmin') was blunted compared with the response in the intact state (+24+3%) ( (Figure 4 ).
In the presence of 8-adrenergic blockade, the systemic pressor response to cocaine tended to be greater (+51±6% increase from 103±6 mm Hg) than the response in the intact state, whereas the increase in left circumflex coronary blood flow tended to be less (+4±3% increase from 43±3 ml/min). However by 2.2+0.3 vol%, similar to the increase observed in the presence of 1-blockade alone. However, there was no significant change in coronary sinus oxygen content, in contrast to the significant reduction in coronary sinus oxygen content observed in the presence of 1-blockade alone. This difference in the response of the coronary sinus oxygen content reflected the fact that the increase in coronary vascular resistance was significantly less in response to cocaine in the presence of combined 1-and cholinergic blockade ( Figure 5) .
The temporal relation of the cholinergic modulation of cocaine's coronary vascular effects in the presence of 13-blockade is depicted in Figure 5 . Despite similar responses in mean arterial pressure over time, the coronary vasoconstrictor response was significantly (p<0.05) more intense in the presence of 1-blockade alone than with 13- (Figure 4) . The mechanism whereby the cholinergic effects modulate the coronary vasoconstrictor response to cocaine was dependent on the adrenergic influences. When aand 13-adrenergic effects of cocaine were blocked, the modulating influence of cholinergic blockade on coronary vascular resistance ( Figure 3 ) and arterial oxygen content and consumption (Figure 4 ) was abolished.
Comparison of Effects of Cocaine and Norepinephrine on Coronary Hemodynamics
Given that'cocaine is believed to exert its cardiac effects via the adrenergic neurotransmitter norepinephrine, we compared the coronary hemodynamic effects of cocaine (1 mg/kg) with those of norepinephrine with heart rate held constant in the presence of 3-blockade to maximize the comparison of a-adrenergic vasoconstrictor effects and to minimize differences in the myocardial oxygen consumption response. In addition, norepinephrine was administered in doses (0.2-0.4 gg * kg`. min') designed to elicit comparable systemic pressor effects (Table 3) . Nonetheless, the a-adrenergically mediated coronary vasoconstrictor response to Figure 3 . There were no differences in these metabolic responses to explain the difference in coronary vasoconstrictor potency depicted in Figure 3 . Previous studies that have investigated the influences of cocaine on the coronary circulation in dogs have yielded conflicting results, including observations that cocaine induced increases in coronary blood flow,12'13 decreases in coronary blood flow,1'18'19 or no effect.14'1720 Similarly, cocaine-induced coronary vasoconstriction has been noted in somel-13,18,19 but not all reports.14'17'20 These discrepancies probably relate to studies conducted under anesthesia or sedation, different methods for measuring coronary blood flow, and use of a wide range of cocaine doses (0.5-10 mg/kg). Furthermore, these studies have failed to consider whether cocaine affects myocardial oxygen content under circumstances in which myocardial metabolic demands were increased significantly and have generally assumed that coronary vasoconstriction implies an inability to meet oxygen demands. Most studies have relied on indirect measures of oxygen consumption that underestimate the influences on myocardial metabolic demand. In this regard, Fraker et all3 found that 4 mg/kg of intravenous cocaine administered to conscious dogs caused increases in coronary blood flow (38%) and coronary resistance (18%) comparable to those observed in the present study, but they used considerably higher doses to achieve these results. However, these authors, without measuring oxygen consumption, suggested that the negative inotropic effects of cocaine offset the associated increases in heart rate and blood pressure, such that oxygen consumption was not altered. In contrast, we observed a 59±5% increase in calculated myocardial oxygen consumption using direct measures of oxygen content across the coronary circulation under circumstances in which heart rate was allowed to vary and a 41±9% increase when heart rate was held constant.
Of note, the findings of cocaine-induced coronary vasoconstriction in the present study are in keeping with recent observations in humans,15,16 although the proposed mechanisms and interpretations of the findings differ significantly. This discrepancy may relate to limitations in the thermodilution technique to accurately assess relatively small changes in coronary blood flow under non-steady-state conditions,37 to different doses and routes of administration, or to potential species differences in the coronary hemodynamic response to cocaine.
In addition, whereas previous studies have demonstrated that the coronary vasoconstrictor effects of cocaine are enhanced in the presence of . 8-blockade,16 much like the effects reported here, the present study is the first to demonstrate the significant influence of cholinergic mechanisms modulating the vasoconstrictor effects of cocaine. Although most previous studies did not examine the role of parasympathetic mechanisms in mediating cocaine's coronary effects, one study suggested that pretreatment with atropine alone had no 40±7 44±6 13±4 18±8 5±4 18±4* effect on the coronary vascular response to cocaine.12 It is important to note that pentobarbital anesthesia was used, which would have obscured cholinergic mechanisms. It is well recognized that pentobarbital anesthesia possesses an important parasympatholytic effect. 38 In contrast, in the present study, the coronary vasoconstrictor responses to cocaine were greater in the presence of 1-blockade than after combined 1-and cholinergic blockade (Table 2) , and these differences were not attributable to significant differences in myocardial oxygen consumption. Furthermore, an examination of the time course of the response to cocaine in the intact state and after cholinergic blockade alone revealed that the vasoconstrictor response to cocaine was attenuated by cholinergic blockade ( Figure 5) .
There are several possible mechanisms whereby cocaine may influence parasympathetic activity. These include evidence that cocaine is a competitive antagonist of muscarinic cardiac receptors in rats39 and the fact that cocaine may indirectly induce parasympatholytic effects by inhibiting arterial baroreflexes.40 In support of this is the finding that heart rate increased despite increases in mean arterial pressure in response to cocaine and that previous studies demonstrated that 13 -blockade alone did not abolish the chronotropic response to cocaine.22 This raises the interesting possibility that cocaine induces withdrawal of parasympathetic coronary vasodilator tone,23,24 resulting in coronary vasoconstriction. Equally plausible is the consideration that the parasympatholytic effects of cocaine are mediated via modulation of sympathetic neurotransmission.25,2641-44 Figure 3 compares the effects of cocaine in the presence of a-and 3-adrenergic blockades with the same response in the presence of combined a-, 13-, and cholinergic blockade. If cholinergic influences were exerting a direct effect on coronary vascular tone, then cocaine-related cholinergic effects should result in residual vasoconstrictor responses in the presence of aand 1-adrenergic blockade. However, cocaine caused no significant change in coronary vascular resistance in the presence of a-and 13-blockade (Figure 3 ), suggesting that adrenergic influences were essential to the coronary vasoconstrictor effects of cocaine and that the anticholinergic effects were probably modulating these adrenergic influences rather than exerting direct effects on coronary vascular tone.
In further support of the importance of parasympathetic modulation of sympathetic tone were the comparative vasoconstrictor effects of cocaine relative to equipressor doses of intravenous norepinephrine. It should be pointed out that although the primary mode of cocaine's cardiovascular effects is thought to be mediated via the sympathetic nervous system and its neurotransmitter, norepinephrine, the effects of infusions of norepinephrine differ in two important ways from those of cocaine. First, norepinephrine possesses potent positive inotropic effects in the doses required to achieve comparable systemic pressor responses, whereas intravenous cocaine depresses myocardial contractility acutely (first 2.5 minutes), reflecting its properties as a local anesthetic.13'22 However, the myocardial oxygen consumption response to norepinephrine tended to be greater even in the presence of 13-blockade.
Second, intravenous infusion of norepinephrine causes baroreflex activation with its attendant increases in parasympathetic tone, e.g., bradycardia, if heart rate is allowed to vary. This is in contrast to the prominent anticholinergic effects evident in response to cocaine and the resultant tachycardia, which was mitigated but not abolished by 13-blockade alone.22 These two important differences in response to intravenous administration of these agents explain the apparently greater potency of cocaine as a coronary vasoconstrictor. Of note, in the presence of 13-adrenergic blockade, the increase in coronary vascular resistance was greater in response to cocaine, but, importantly, the increase in myocardial oxygen consumption was less. However, the differences were no longer apparent under circumstances in which the cholinergic effects were eliminated and myocardial oxygen consumption was controlled, i.e., 13- plus cholinergic blockades. It should be noted that there are important differences in the potency of the cardiac response to intravenous norepinephrine infusion compared with sympathetic stimulation mediated by endogenous norepinephrine release.45 It is conceivable that, despite comparable mean arterial pressure responses, the actual neurohumoral activation in the coronary circulation varies considerably between cocaine administration and norepinephrine. However, given that coronary and systemic responses were similar in the presence of 13-plus cholinergic blockades, the degree of a-adrenergic stimulation was seemingly comparable with the two infusions. Therefore, the comparison serves to highlight the importance of considerations with regard to both myocardial oxygen consumption and modulating effects of cholinergic influences in interpreting the mechanisms of the vasoconstrictor responses to cocaine.
Finally, an important component of the present investigation was to assess the effects of intravenous cocaine on myocardial oxygen content. Of particular note was the fact that increases in arterial oxygen content were seen after cocaine administration. The mechanism whereby cocaine produces an increase in arterial oxygen content is unknown but may involve an increase in oxygen saturation due to pulmonary effects on ventilation and perfusion or to an increase in hemoglobin concentration and oxygen-carrying capacity. In this regard, it is interesting to note that cocaine caused an increase in arterial oxygen content in all circumstances except in the presence of pretreatment with a-adrenergic blockade ( to observe the contribution of increases in arterial oxygen content to the observed findings. This is attributable to the fact that previous studies reported only the partial pressure of oxygen in the arterial samples or used sympathetic stimulation selective to the heart35 or intracoronary administration of norepinephrine,33 which did not elicit the pulmonary and systemic effects observed in the present study.
It is important to consider several differences in our experimental studies that may serve to reconcile these findings with previous reports in both canine models and human studies. First, we administered cocaine acutely via an intravenous route and in moderate doses over 1 minute, which is similar to doses used in acute cardiovascular studies in human subjects15'16 and chronic cocaine users.2728Acute doses >2 mg/kg produced unpredictable agitation and dystonia in our conscious, unrestrained dogs. In anesthetized dogs, however, larger doses (5-15 mg/kg) were required to elicit comparable hemodynamic effects, given the dramatically altered cardiovascular profile of cocaine in the presence of anesthesia.13,21 Finally, although the cumulative doses of cocaine used by patients who incurred cardiovascular toxicity are higher than the doses reported here,lA8 it is important to note that the drug is generally consumed over several hours by users and not as a single acute dose. Thus, the use of anesthesia, route and time course of administration, and the chronicity of use may all be factors contributing to these apparent differences. In addition, species differences may influence the contribution of parasympathetic effects to cocaine. However, in most large mammalian and nonhuman primate models, as well as in humans, parasympathetic control of heart rate49 and coronary vascular tone50 has been demonstrated, although the magnitude of these effects may be smaller in humans. Given the important modulating influence of cholinergic mechanisms on the coronary vasoconstrictor effects of cocaine demonstrated here, it will be important to consider these influences both in acute human studies and after chronic exposure to cocaine.
In summary, these studies in conscious, chronically instrumented dogs illustrate the importance of cholinergic modulation of the coronary vasoconstrictor effects of cocaine, which has heretofore gone unrecognized. Furthermore, cocaine causes significant increases in arterial oxygen content without lowering coronary sinus oxygen content further in the presence of significant coronary vasoconstriction. These findings provide important new mechanisms for understanding the acute effects of cocaine on the coronary circulation.
